Aspartate-Glutamate Carrier 1 (AGC1) deficiency is a rare neurological disease caused by mutations in the solute carrier family 25, member 12 (SLC25A12) gene, encoding for the mitochondrial aspartate-glutamate carrier isoform 1 (AGC1), a component of the malate-aspartate NADH shuttle (MAS), expressed in excitable tissues only. AGC1 deficiency patients are children showing severe hypotonia, arrested psychomotor development, seizures and global hypomyelination. While the effect of AGC1 deficiency in neurons and neuronal function has been deeply studied, little is known about oligodendrocytes and their precursors, the brain cells involved in myelination. Here we studied the effect of AGC1 down-regulation on oligodendrocyte precursor cells (OPCs), using both in vitro and in vivo mouse disease models. In the cell model, we showed that a reduced expression of AGC1 induces a deficit of OPC proliferation leading to their spontaneous and precocious differentiation into oligodendrocytes. Interestingly, this effect seems to be related to a dysregulation in the expression of trophic factors and receptors involved in OPC proliferation/differentiation, such as Platelet-Derived Growth Factor α (PDGFα) and Transforming Growth Factor βs (TGFβs). We also confirmed the OPC reduction in vivo in AGC1-deficent mice, as well as a proliferation deficit in neurospheres from the Subventricular Zone (SVZ) of these animals, thus indicating that AGC1 reduction could affect the proliferation of different brain precursor cells. These data clearly show that AGC1 impairment alters myelination not only by acting on N-acetyl-aspartate production in neurons but also on OPC proliferation and suggest new potential therapeutic targets for the treatment of AGC1 deficiency.
Introduction
Aspartate-glutamate carrier 1 (AGC1) deficiency is a rare neurological disease caused by mutations in the solute carrier family 25 member 12 (SLC25A12) gene, encoding for the mitochondrial aspartate-glutamate carrier isoform 1 (AGC1) [1] [2] [3] . AGC1 catalyses the unidirectional exchange between intra-mitochondrial aspartate and cytosolic glutamate and is a component of the malate-aspartate shuttle, thus playing a crucial role in the transfer of reducing NADH equivalents from the cytosol to mitochondria [4, 5] . Interestingly, AGC1 is highly expressed in excitable tissues, such as muscle and brain [6] . By contrast, the second isoform of the mitochondrial aspartate/glutamate carrier, AGC2 [5] , encoded by the SLC25A13 gene, is mainly expressed in liver and mutations in this gene lead to neonatal intrahepatic cholestasis caused by citrin deficiency (NICCD) and adult-onset type II citrullinemia (CTLN2) [7] . AGC1 deficiency is a recently identified infantile epileptic encephalopathy (EIEE39, OMIM 612949) characterized by severe hypotonia, arrested psychomotor development and global cerebral hypomyelination, that manifests when AGC1 activity is completely abolished [1] or even drastically reduced [2] . A common feature of all patients is the marked reduction in brain levels of N-Acetyl-Aspartate (NAA), which is a crucial metabolite for myelin formation in the Central Nervous System (CNS) [8] . A similar defect in NAA production was also observed in AGC1-deficient mice, further confirming the importance of this mitochondrial carrier in myelination [9] . Many studies have been carried out in the same animal model to evaluate the effect of AGC1 deficiency in neuronal maturation and activity, showing that AGC1 plays an important role in cortical axon generation, postnatal development of cortico-hippocampal neurons, the nigrostriatal dopaminergic system and in the visual system, including the retina [10] [11] [12] [13] [14] [15] . However, little attention has been given to oligodendrocytes, which are the most relevant brain cells involved in myelination. In this context, it has been observed that O4-positive cells (which include late precursors and immature premyelinating oligodendrocytes) are present in AGC1-deficient mice, though they present a different morphology, thus suggesting a change in their maturation [10] . Oligodendrocytes derive from oligodendrocyte precursor cells (OPCs), which continuously proliferate and differentiate into oligodendrocytes when the latter are needed to increase myelination during development and remyelination in the adult brain. Failure in the remyelination process leads to demyelinating diseases and OPC proliferation and differentiation are critical for spontaneous remyelination [16, 17] . Indeed, primary OPCs with 60% down-regulated AGC1 displayed reduced myelin basic protein (MBP) expression, suggesting an oligodendrocyte-autonomous effect of AGC1 on myelination [18] .
Here we studied the effect of AGC1 impairment on OPCs thoroughly, by using both in vitro and in vivo models. Our in vitro cell model is represented by Oli-Neu stable cell clones, which are immortalized mouse OPCs where a partial silencing of the SLC25A12 gene was obtained by using a specific shRNA. Through this approach, we previously obtained stable cell lines of Neuro2A cells, in which we demonstrated that AGC1 impairment is associated with reduced proliferation and low NAA levels in undifferentiated neurons [19] . Our in vivo model is represented by C57BL/6N AGC1 +/− mice generated through the targeting of a 6.5 kb VICTR 76 construct into intron 2-3 of the SLC25A12 mouse gene. In both models, as well as in neurospheres derived from the mouse subventricular zone (SVZ), we focused on OPC differentiation and proliferation and demonstrated that AGC1 down-regulation reduces OPC proliferation through the dysregulation of biochemical pathways involving trophic factors, such as PDGFα and TGFβs.
Results

Effect of AGC1 Silencing on Oli-Neu Cell Differentiation and Proliferation
In order to study the effect of AGC1 impairment on oligodendrocyte precursor cells (OPCs), we produced stable clones of Oli-Neu cells (kindly provided by Dr. Jacky Trotter, University of Mainz, Germany) as a model of immortalized mouse OPCs, expressing a specific shRNA to down-regulate the AGC1 gene or a scrambled control sequence (see Materials and methods for further details). Western blots and densitometric analyses showed reduced AGC1 expression of about 70% in AGC1-silenced (siAGC1) Oli-Neu cells compared to control Oli-Neu cells (Figure 1a,b) , an expression level that is comparable to the residual AGC1 activity observed in human patients [2] . We then analysed whether AGC1 silencing could affect Oli-Neu cell differentiation. We observed no difference in 1 mM db-cAMP-induced differentiation between control and siAGC1 Oli-Neu cells, including no change in the expression of myelin-associated glycoprotein (MAG) (Supplemental Figure S1a,b) . However, analysis of cell filament length and number in non-stimulated siAGC1 Oli-Neu cells revealed a lower number, greater length of cell filaments and higher number of filaments per cell, as compared to control cells (Figure 1c -f,l), thus suggesting that Oli-Neu cells with down-regulated AGC1 are partially differentiated even in the absence of the db-cAMP stimulus.
Starting from this observation, that is, that AGC1 silencing seems to induce spontaneous differentiation of Oli-Neu cells, we decided to evaluate whether this effect could be related to a change in cell proliferation. Preliminary experiments with MTT assay and Trypan blue staining showed a slight but not significant difference in cell viability between control and siAGC1 Oli-Neu cells (data not shown). We thus performed cell counting 24 h after plating and we observed that siAGC1 Oli-Neu cell number was significantly lower compared to control Oli-Neu cells (Figure 1d ). In order to understand whether reduced cell number depended on decreased proliferation, BrdU incorporation and subsequent immunofluorescence staining were performed showing significantly lower BrdU labelling in siAGC1 Oli-Neu cells compared to control cells (Figure 1g and Supplemental Figure S1c ). We also quantified BrdU incorporation through ELISA after a 6-h ( Figure 1h ) and a 24-h ( Figure 1i ) BrdU pulse that confirmed the significant lower BrdU incorporation in siAGC1 Oli-Neu cells, strongly suggesting a significantly lower proliferation rate of OliNeu cells with impaired AGC1 activity as compared to control cells. In agreement with this, cell cycle analysis by flow cytometry showed that a slightly higher number of siAGC1 Oli-Neu cells were in G0/G1 phases compared to control Oli-Neu cells (64% vs. 58% respectively), as well as what observed for S phase (26% vs. 22% respectively) and G2/M phases (15% vs. 13% respectively, Supplemental Figure S2 ).
Figure 1.
Spontaneous oligodendrocyte precursor cell (OPC) differentiation and OPC proliferation defects in aspartate glutamate carrier 1 (AGC1)-silenced Oli-Neu cells. Western blot analysis (a) and relative densitometries (b) of AGC1 expression in Oli-Neu cells, in which a partial silencing of the mouse AGC1 gene has been produced (siAGC1). Densitometry is the ratio between the expression level of AGC1 and GAPDH (Glyceraldehyde 3-phosphate dehydrogenase) as reference loading control and is expressed as percentage vs control Oli-Neu cells. Immunofluorescence staining and optical microscopy images (c) of control and siAGC1 Oli-Neu cells. Nuclei were labelled with Hoechst, while Olig2, NG2, PDGFαR, TGFβR2 and CNPase were used as specific markers for Oli-Neu cells. Analyses for cells number (d), total filaments number (e), filaments length (f) and filaments number per cell (l) calculated with Fiji ImageJ2 software. Scale bar: 50 μm. BrdU immunofluorescence of control and siAGC1 Oli-Neu cells with nuclei staining with Hoechst (blue) and BrdU positive-cell count analysis expressed as labelling index (g). BrdU incorporation by ELISA assay (enzyme-linked immunosorbent assay) in control and siAGC1 Oli-Neu cells after 6 (h) and 24 h (i) BrdU incubation. Scale bar: 100 μm. Values are the mean ± SE of 3 independent experiments performed in triplicate, * p < 0.05, ** p < 0.01, *** p < 0.001 compared to control Oli-Neu cells, Student's t-test.
Effect of AGC1 Silencing on Oli-Neu Cell Lactate Production, Ros, [Ca2 + ], [Atp] and Mitochondrial Membrane Potential
Since AGC1 down-regulation inhibited mitochondrial pyruvate oxidation in undifferentiated Neuro2A cells leading to increased production of lactic acid [19] , we studied whether a similar effect occurred in siAGC1 Oli-Neu cells. After 48 h of incubation, lactic acid release in conditioned highglucose medium from both undifferentiated and differentiated siAGC1 Oli-Neu cells was similar to that of conditioned media from control cells (Figure 2a,b) . These data suggested that AGC1 down- Figure 1 . Spontaneous oligodendrocyte precursor cell (OPC) differentiation and OPC proliferation defects in aspartate glutamate carrier 1 (AGC1)-silenced Oli-Neu cells. Western blot analysis (a) and relative densitometries (b) of AGC1 expression in Oli-Neu cells, in which a partial silencing of the mouse AGC1 gene has been produced (siAGC1). Densitometry is the ratio between the expression level of AGC1 and GAPDH (Glyceraldehyde 3-phosphate dehydrogenase) as reference loading control and is expressed as percentage vs. control Oli-Neu cells. Immunofluorescence staining and optical microscopy images (c) of control and siAGC1 Oli-Neu cells. Nuclei were labelled with Hoechst, while Olig2, NG2, PDGFαR, TGFβR2 and CNPase were used as specific markers for Oli-Neu cells. Analyses for cells number (d), total filaments number (e), filaments length (f) and filaments number per cell (l) calculated with Fiji ImageJ2 software. Scale bar: 50 µm. BrdU immunofluorescence of control and siAGC1 Oli-Neu cells with nuclei staining with Hoechst (blue) and BrdU positive-cell count analysis expressed as labelling index (g). BrdU incorporation by ELISA assay (enzyme-linked immunosorbent assay) in control and siAGC1 Oli-Neu cells after 6 (h) and 24 h (i) BrdU incubation. Scale bar: 100 µm. Values are the mean ± SE of 3 independent experiments performed in triplicate, * p < 0.05, ** p < 0.01, *** p < 0.001 compared to control Oli-Neu cells, Student's t-test.
Effect of AGC1 Silencing on Oli-Neu Cell Lactate Production, Ros, [Ca 2+ ], [Atp] and Mitochondrial Membrane Potential
Since AGC1 down-regulation inhibited mitochondrial pyruvate oxidation in undifferentiated Neuro2A cells leading to increased production of lactic acid [19] , we studied whether a similar effect occurred in siAGC1 Oli-Neu cells. After 48 h of incubation, lactic acid release in conditioned high-glucose medium from both undifferentiated and differentiated siAGC1 Oli-Neu cells was similar to that of conditioned media from control cells (Figure 2a ,b). These data suggested that AGC1 down-regulation in Oli-Neu cells did not alter the rate of glucose oxidation. As shown by fluorescence microscopy, tetramethyl rhodamine methyl ester (TMRM)-stained mitochondria of siAGC1 Oli-Neu cells did not appear remarkably different from those of control cells in terms of morphology and fluorescence intensity (Figure 2c -e, Supplemental Figure S3 ), suggesting that AGC1 silencing in Oli-Neu cells did not affect the mitochondrial network and membrane potential. Furthermore, although siAGC1 Oli-Neu cells showed slight but significantly increased ROS production in the cytosol compared to control cells (Figure 2f ), no difference in mitochondrial ROS levels were imaged with the ratiometric probe mt-Hyper ( Figure 2g ) used as an ROS sensitive probe directly targeted to mitochondria [20] .
Considering that AGC1 is a Ca 2+ -stimulated transporter and its down-regulation in undifferentiated Neuro2A cells induced an increased mitochondrial response to Ca 2+ stimulation [19] , we tested whether a similar response also occurred in siAGC1 Oli-Neu cells challenged with Ca 2+ -releasing agonists. In siAGC1 Oli-Neu cells expressing the recombinant Ca 2+ -sensitive aequorin probe and stimulated with carbachol, cytosolic [Ca 2+ ] ([Ca 2+ ] c ) was slightly but significantly increased when compared to control cells, though no difference in mitochondrial [Ca 2+ ] ([Ca 2+ ] m ) was measured ( Figure 2h ). Consequently, in both types of cells expressing the recombinant luciferase targeted to mitochondria and stimulated with carbachol, the Ca 2+ -induced increase of mitochondrial ATP synthesis resulted unvaried ( Figure 2i ). 
Effect of AGC1 Silencing on PDGFα and TGFβ Pathways in Oli-Neu Cells
The absence of remarkable differences in mitochondrial function between control and siAGC1 Oli-Neu cells prompted us to investigate whether the observed difference in cell proliferation rates could depend on the alteration of trophic factors, in particular PDGFα and TGFβs, which are essential for OPC proliferation and differentiation, respectively. Through western blot analysis, we observed that siAGC1 Oli-Neu cells expressed lower PDGFα levels compared to control Oli-Neu cells (Figure 3a ), whereas PDGFα receptor expression remained virtually the same (Figure 3b ). Regarding the TGFβ pathways, only precursor TGFβs were expressed in Oli-Neu cells, whereas no mature (cleaved) forms were detected (Figure 3c -e). Pre-TGFβ1 expression was significantly higher in siAGC1 Oli-Neu cells compared to control Oli-Neu cells (Figure 3c ). On the other hand, pre-TGFβ2 expression showed an opposite trend, its expression being lower ( Figure 3d ) in siAGC1 Oli-Neu cells compared to control cells, whereas no differences were detected for pre-TGFβ3 expression ( Figure 3e ). Expression levels of both TGFβ receptor 1 and 2 were also higher in siAGC1 Oli-Neu cells compared to control Oli-Neu cells (Figure 3f ,g) and immunofluorescence analysis showed stronger labelling against TGFβ receptor 1 in siAGC1 Oli-Neu cells ( Figure 3h ). Overall, these data suggested that the expression of PDGFα, TGFβs and respective receptors, all known to play key roles in OPC proliferation and differentiation, is impaired in Oli-Neu cells with down-regulated AGC1. 
Effects of TGFβ2 Treatment on Oli-Neu Cell Proliferation and Differentiation
Based on the observed differences for pre-TGFβ2 and TGFβ receptor 2 expression in siAGC1 Oli-Neu cells compared to control cells, we investigated the activity of the TGFβ pathway by exposing Oli-Neu cells to exogenous TGFβ2 (10 ng/mL). After treatment for 24 h, TGFβ2 reduced proliferation in both control and siAGC1 Oli-Neu cells, as shown by Ki67 staining (Figure 4a Interestingly, this effect was more evident in siAGC1 Oli-Neu cells than in control cells, suggesting that the higher expression level of pre-TGFβ1 and TGFβ receptors could drive AGC1-impaired cells to become more sensitive to this differentiative stimulus. 
Based on the observed differences for pre-TGFβ2 and TGFβ receptor 2 expression in siAGC1 Oli-Neu cells compared to control cells, we investigated the activity of the TGFβ pathway by exposing Oli-Neu cells to exogenous TGFβ2 (10 ng/mL). After treatment for 24 h, TGFβ2 reduced proliferation in both control and siAGC1 Oli-Neu cells, as shown by Ki67 staining (Figure 4a Interestingly, this effect was more evident in siAGC1 Oli-Neu cells than in control cells, suggesting that the higher expression level of pre-TGFβ1 and TGFβ receptors could drive AGC1-impaired cells to become more sensitive to this differentiative stimulus. In order to confirm in vivo the reduction of cell proliferation with concomitant induction of spontaneous differentiation and dysregulation of the PDGFα/TGFβs pathways observed in OPCs with impaired AGC1, we used an AGC1 deficiency mouse model. A murine model with inactivated AGC1 was generated in the C57BL/6N background with gene-trapping technology, by inserting a 6.5 kb VICTR 76 construct at intron 2-3 of the SLC25A12 mouse gene (Texas A&M Institute for Genomic Medicine, see materials and methods for details). No live AGC1 −/− mice were detected among newborn mice, suggesting that the deletion of AGC1 activity may be lethal in mice with the C57BL/6N background. Therefore, we focused on AGC1 +/− mice and AGC1 +/+ mice as controls, at 21 days after birth, since at this stage OPCs reach a peak in proliferation. Firstly, AGC1 levels were analysed by western blot in the brain and cerebellum of 21-day old mice; a significant reduction in AGC1 expression was observed in AGC1 +/− mice compared to controls ( Figure 5a ). Moreover, mitochondrial extracts from the brain of AGC1 +/− mice reconstituted in liposomes exhibited impaired AGC1 aspartate/glutamate and glutamate/glutamate exchange activities, when compared to liposomes reconstituted with mitochondrial extracts from the brain of control AGC1 +/+ mice (Figure 5b ).
Given that in the cell model of AGC1 deficiency we observed a reduction in OPC proliferation, we analysed whether also AGC1 +/− mice displayed OPC proliferation deficits when compared to AGC1 +/+ mice. For this purpose, we performed immunohistochemical and immunofluorescence analyses of brain sections containing the SVZ, a region rich in neural stem cells (NSCs), which gives rise to neurons, astrocytes and OPCs. Interestingly, the SVZ showed a lower number of cells positive for p-H3, a widely used proliferation marker in the brain [21] (Supplemental Figure S4a ), in the SVZ of AGC1 +/− mice when compared to AGC1 +/+ mice, suggesting a lower proliferation of NSCs and/or other proliferating precursor cells. To further elucidate the nature of these proliferating cells, we performed immunofluorescence analysis in AGC1 +/+ and AGC1 +/− mice for Olig2, a transcription factor highly expressed by OPCs [22] . A lower number of Olig2 + cells in AGC1 +/− mice was detected compared to AGC1 +/+ mice, suggesting a reduced presence of OPCs (Figure 5c,d ). In addition, immunofluorescence analysis for doublecortin (DCX), a microtubule-associated protein widely used as an immature neuronal specific marker linked to neurogenesis [23] , revealed a lower intensity signal for DCX in AGC1 +/− mice compared to AGC1 +/+ mice (Figure 5e ,f). Furthermore, we detected more evident staining for the astrocytic marker GFAP (glial fibrillary acidic protein) in AGC1 +/− mice compared to AGC1 +/+ mice (Figure 5g ,h), suggesting an increased number of astrocytes. Overall, these data seem to confirm the reduction of OPC proliferation in our mouse model as observed in AGC1-silenced Oli-Neu cells and to show a lower number of OPCs and immature neurons with a parallel higher number of astrocytes, indicating a change in the proliferating neuron/glial cell ratio. To complete the analysis of oligodendrocyte proliferation and differentiation, we also measured the activity of CNPase and performed MBP immunohistochemistry, both known markers of mature oligodendrocytes [24, 25] . As shown in Supplemental Figure S5b , these experiments showed no significant differences between AGC1 +/+ and AGC1 +/− mice, thus suggesting that in our animal model the reduction in AGC1 expression and activity does not affect oligodendrocyte differentiation but rather OPC proliferation, in agreement with what observed in Oli-Neu cells.
( Figure 5l ). TGFβ receptors 1 and 2 showed opposite expression patterns, being TGFβR1 less ( Figure  5o ) and TGFβR2 more expressed (Figure 5p ), respectively, in AGC1 +/− mice compared to AGC1 +/+ mice. All these data supported that a reduction in AGC1 expression leads to reduced OPC proliferation with a dysregulation in the PDGFα/TGFβ pathways; in vivo, a compensatory cascade may be triggered to attempt to sustain OPC proliferation in AGC1 +/− mice, although this is not enough. Furthermore, we aimed to investigate whether the trophic factor alterations demonstrated in AGC1-silenced Oli-Neu cells could also be present in our in vivo model. We analysed the expression of PDGFα and TGFβ pathway members in whole brain tissue extracts from 21-day old AGC1 +/+ and AGC1 +/− mice (Figure 5i -p). PDGFα receptor, mainly expressed by OPCs, was higher in 21-day old AGC1 +/− mice compared to control animals ( Figure 5n ); TGFβ2 levels were also higher in 21-day old AGC1 +/− mice compared to AGC1 +/+ mice (Figure 5m ), whereas TGFβ1 levels showed no differences ( Figure 5l ). TGFβ receptors 1 and 2 showed opposite expression patterns, being TGFβR1 less ( Figure 5o ) and TGFβR2 more expressed (Figure 5p ), respectively, in AGC1 +/− mice compared to AGC1 +/+ mice. All these data supported that a reduction in AGC1 expression leads to reduced OPC proliferation with a dysregulation in the PDGFα/TGFβ pathways; in vivo, a compensatory cascade may be triggered to attempt to sustain OPC proliferation in AGC1 +/− mice, although this is not enough.
OPC Proliferation and PDGFα/TGFβs Expression in Neurospheres From the SVZ of AGC1 +/+ and AGC1 +/− Mice
To investigate more in detail the OPC proliferation deficit observed in AGC1 deficiency, neurospheres were derived from the SVZ of AGC1 +/+ and AGC1 +/− mice. AGC1 +/− mouse neurospheres showed a lower expression of AGC1 ( Figure 6a ) and size, with parallel increased numbers ( Figure 6b ) compared to controls. By analysing Ki67 staining and BrdU incorporation (Figure 6c ), neurospheres from AGC1 +/− mice showed a significantly lower level of proliferation compared to neurospheres from AGC1 +/+ mice. Interestingly, AGC1 +/− neurospheres allowed to spontaneously differentiate for 7 days, showed a lower Olig2 + cell number with a parallel higher number of CNPase + , DCX + and GFAP + cells ( Figure S5a ) and expression of the same markers (Supplemental Figure S5b) . Furthermore, as observed in Oli-Neu cells and in the in vivo model, western blot and immunofluorescence analysis demonstrated that AGC1 +/− mouse neurospheres showed a lower PDGFα expression ( Figure 6d) and a significantly higher level of TGFβRs (Figure 6e ) compared to AGC1 +/+ neurospheres. These data indicate an OPC proliferation deficit with a parallel spontaneous induction of oligodendrocyte differentiation, probably related to dysregulation of the PDGFα/TGFβ pathways even in the neurosphere model, similar to what was observed in Oli-Neu cells. To further support the role of TGFβRs in AGC1 +/− OPC proliferation/differentiation dysregulation, neurospheres were treated with exogenous TGFβ2 for 4 days (Figure 7a,b) . Immunofluorescence staining and western blot analysis show increased CNPase + cell numbers in neurospheres from control animals indicating an induction of oligodendrocyte differentiation. This induction is significantly higher in AGC1 +/− neurospheres than in control neurospheres, where there is also a significant induction of GFAP + cells, clearly indicating that higher levels of TGFβRs in AGC1 +/− neurospheres are involved in the dysregulation of OPC proliferation/differentiation. . Effect of exogenous TGFβ2 on proliferation/differentiation in neurospheres from AGC1 +/+ and AGC1 +/− mouse SVZ. Immunofluorescence staining in AGC1 +/+ and AGC1 +/− neurospheres and following treatment with TGFβ2 after 4-day differentiation (a). Olig2, CNPase, DCX and GFAP used as specific markers for OPCs, mature oligodendrocytes, NSCs and astrocytes respectively (nuclei labelled with Hoechst). Scale bar: 50 µm. Analyses for Olig2 + and DCX + cell number and CNPase + /GFAP + fluorescence signal intensity evaluated with Fiji ImageJ2 software. Values are the mean ± SE of 3 independent experiments performed in triplicate, * p < 0.05, ** p < 0.01, *** p < 0.001 compared to control AGC1 +/+ neurospheres, # p < 0.05, ## p < 0.01 compared to control AGC1 +/− neurospheres, Two-way ANOVA (Bonferroni's post-test). Western blot analysis and relative densitometries of Olig2, CNPase, DCX and GFAP expression in AGC1 +/+ and AGC1 +/− neurospheres and following treatment with TGFβ2 after 4-day differentiation (b). Densitometry is the ratio between the expression level of each protein and GAPDH as reference loading control and is expressed as percentage vs AGC1 +/+ neurospheres. Values are the mean ± SE of 3 independent experiments performed in duplicate, * p < 0.05, ** p < 0.01, *** p < 0.001compared to AGC1 +/+ neurospheres, # p < 0.05, ## p < 0.01 compared to control AGC1 +/− neurospheres, Two-way ANOVA (Bonferroni's post-test).
Discussion
Mutations in the SLC25A12 gene cause AGC1 deficiency, a rare infantile encephalopathy, which results in cerebral hypomyelination and low levels of N-acetyl aspartate (NAA) in the CNS due to the reduced activity of the mitochondrial carrier AGC1 [1, 2] . While the effect of AGC1 impairment on biochemical pathways, such as MAS is well known [5, 12, 13, 19] , its direct role in CNS myelination remains largely unknown. By using both in vitro and in vivo models, here we showed for the first time that reduction in AGC1 expression and activity determines a deficit in OPC proliferation without reducing OPC differentiation into oligodendrocytes. This proliferation defect correlates with dysregulation in the expression of growth factors involved in OPC proliferation/differentiation, that is, PDGFα and TGFβs, as well as their receptors. Previous published data focused on neuronal cells revealed an important role of AGC1 in myelin synthesis [19] . NAA is generated in neurons by aspartate acetylation through aspartate-N-acetyltransferase and then transferred into oligodendrocytes where it provides acetyl groups for myelin lipid synthesis [1] . AGC1 down-regulation led to reduced growth and NAA production in undifferentiated Neuro2A mouse neuronal cell lines [19] . These data could provide information about the development of the main clinical phenotype observed in AGC1 deficiency patients, including cerebral atrophy and hypomyelination associated with reduced NAA levels [1, 2] . Profilo and collaborators [19] hypothesized that in normally proliferating undifferentiated neuronal cells, AGC1 activity supports mitochondrial pyruvate oxidation leading to acetyl-CoA production in mitochondria, which is also necessary for lipid and NAA synthesis. Moreover, Ramos and colleagues observed hypomyelination in the cerebral cortex of AGC1 −/− mice, as well as a parallel increase in the number of immature oligodendrocytes, suggesting a defect in oligodendrocyte maturation. However, the same authors observed no defects in oligodendrocyte maturation in vitro [10] . On the other hand, down-regulation of AGC1 reduced MBP expression in primary OPCs, suggesting a direct role of AGC1 in the myelination process in oligodendrocytes [18] . Besides these studies, no other investigations on AGC1 impairment in OPCs have been performed. Given the importance of oligodendrocytes in myelin synthesis and their crosstalk with neurons, we hypothesized that the pathogenesis of AGC1 deficiency could involve an alteration of OPC proliferation/differentiation mechanisms. Following cell proliferation studies, we observed that siAGC1 Oli-Neu cells proliferated less than control cells, as also suggested by flow cytometry experiments. Furthermore, our data clearly demonstrated that the reduction of AGC1 expression does not impair db-cAMP-induced Oli-Neu cell differentiation. In addition, in the absence of db-cAMP, siAGC1 Oli-Neu cells displayed characteristics of premature cell differentiation, such as more elongated and branched morphology, a decrease in total filament number and an increase in average filament length and number of filaments per cell, as compared to control cells, suggesting that AGC1 impairment could induce Oli-Neu cell differentiation by itself.
Unlike previously reported data from AGC1-silenced Neuro2A cells [19] , we did not observe significant alterations in mitochondrial function between control and siAGC1 Oli-Neu cells. In particular, AGC1 down-regulation did not seem to compromise glucose oxidation rate in Oli-Neu cells, perhaps due to compensation by AGC2 isoform expression, nor it changed mitochondrial morphology or membrane potential, suggesting that AGC1 down-regulation did not affect the mitochondrial network and activity. However, AGC1 silencing induced a slight yet significant increase of cytosolic ROS production, when compared to Oli-Neu control cells, whereas no difference in mitochondrial ROS production and in mitochondrial [Ca 2+ ] was detected. Increased ROS production has been previously associated with enhanced differentiation in oligodendrocytes [26] , which could partly explain the more differentiated morphology observed in siAGC1 Oli-Neu cells, although more likely other mechanisms besides increased ROS production may be involved in enhanced OPC differentiation In particular, we hypothesized that the observed proliferation deficit could be associated with an alteration of trophic factors essential for balancing oligodendrocyte proliferation and differentiation [27] . In fact, siAGC1 Oli-Neu cells showed a lower expression of PDGFα (involved in OPC proliferation) and a significant increase of TGFβ 1/2 (necessary for OPC differentiation), supporting the hypothesis that AGC1 reduced expression could lead to OPC proliferation impairment by favouring premature differentiation. While PDGFα receptor expression remained unchanged, TGFβ receptors 1 and 2 were expressed more in siAGC1 Oli-Neu cells, especially TGFβR2. This was unexpected, since previous reports showed that TGFβR2 deletion in oligodendrocyte progenitors caused hypomyelination and prevented development into mature myelinating oligodendrocytes [28] . It is conceivable that siAGC1 Oli-Neu cells express TGFβR2 because they might already be committed into a pre-differentiated state, yet their proliferation is still possible. To confirm this hypothesis, we observed that exposure of Oli-Neu cells to exogenous TGFβ2 reduced proliferation in both control and AGC1-silenced cells but the induction of differentiation was much more evident in silenced Oli-Neu, thus indicating that the increased level of TGFβ receptors could make these cells more prone to differentiation. It is noteworthy that the decrease in AGC1 expression and activity could affect gene expression in OPCs. Through high throughput proteomic approaches, it was observed that AGC1 may interact [29] with transcription factors such as c-myc, which is known to play a crucial role in regulating OPC proliferation and differentiation [28] .
Interestingly, it has been demonstrated that inflammation could affect myelination by acting on OPCs during development [30] . These data are in agreement with our observation and further suggest that not only mature oligodendrocytes but also OPC defects could play a role in demyelinating diseases. Furthermore, it has been demonstrated that a reduction in OPC generation due to their precocious differentiation into oligodendrocytes can impair functional remyelination in response to a demyelinating insult, at least in the corpus callosum (CC) [31] . We validated our in vitro results in SLC25A12 heterozygous knockout mice (AGC1 +/− C57BL6/N background). AGC1 +/− mice display reduced AGC1 carrier expression (about 60%) compared to AGC1 +/+ mice. AGC1 knockout mice (AGC1 −/− ) have previously been described in the literature as an AGC1-deficiency model. The mouse model developed by Jalil and collaborators [9] and used by Satrústegui and collaborators was generated in the SVJ129/C57BL background with an insertion at intron 13, leading to an early stop in the AGC1 protein. These AGC1 −/− mice showed growth retardation, epileptic seizures and reduced myelination (typical AGC1 deficiency symptoms), as well as global cerebral atrophy, alteration of neurofilament distribution in cortical neurons and Purkinje cell abnormalities in the cerebellum, yet they all died at weaning [9] [10] [11] . In our case no AGC1 −/− mice were born alive, this could be explained by the fact we generated a mouse model with a different genetic background by using an insertion at intron 2-3, thus completely blocking AGC1 expression. Since currently identified AGC1 mutations determine a reduction of activity compared to wild-type AGC1 and not the total absence of mitochondrial carrier activity [2] , AGC1 +/− mice could be considered a good model of the disease. AGC1 +/− mice did not show any suffering phenotype or apparent changes that compromise normal behavioural functions. Furthermore, although AGC1 +/− mice showed a smaller SVZ and overall brain ventricle size (data not shown), they were not distinguishable from AGC1 +/+ mice. We performed studies on 21-day old AGC1 +/+ and AGC1 +/− mice since this stage represents the peak of OPC proliferation. Significant reduction of proliferating cells (positive for proliferation markers, such as phosphorylated histone H3 on serine 10 and Ki67) in the SVZ and the corpus callosum, as well as a reduction of Olig2 (OPC marker) and DCX (immature neuron marker) positive cell number were observed in AGC1 +/− mice. Since DCX is known to be essential for neuronal migration, cell proliferation during neurogenesis and for the development of a functional brain [32] , reduced DCX signal could explain the differences in SVZ and brain ventricle size observed in AGC1 +/− mice compared to AGC1 +/+ mice. Our data suggest that proliferation defects actually affected OPCs in AGC1 +/− mice, in agreement with our in vitro results. Moreover, reduced AGC1 expression had no macroscopic effects on mature oligodendrocytes and myelination, since no significant differences in MBP + and CNPase + cells were observed through immunohistochemical and biochemical analysis. To further support the hypothesis that reduced AGC1 expression affect OPC proliferation without altering their differentiation into oligodendrocytes, neurospheres derived from the SVZ of AGC1 +/+ and AGC1 +/− mice were used. Neurospheres are considered a solid tool to study neurogenesis and gliogenesis, giving a representation of the number and type of stem cells in a particular niche. In particular, adhesion to the substrate leads to differentiation into neurons, astrocytes and oligodendroglia [33, 34] . Interestingly, neurospheres from AGC1 +/− mice displayed reduced cell proliferation and, when allowed to spontaneously differentiate, reduced Olig2 + cell number with a parallel increase in CNPase + , DCX + and GFAP + cells. As in our in vitro model, an imbalance in PDGFα and TGFβ pathways was also observed in our in vivo mouse model: while PDGFα expression did not change in 21-day old mice, TGFβ2 expression was increased, confirming that OPCs proliferated less because they may differentiate prematurely. PDGFα receptor was more expressed in 21-day old AGC +/− mice compared to AGC1 +/+ mice, in agreement with literature data, showing that PDGFRα expression is a key event in OPC ontogenesis [35] [36] [37] , which could be an attempt of AGC1 +/− OPCs to maintain their proliferative status. On the other hand, TGFβR2 was more expressed in 21-day old AGC1 +/− mice as observed in AGC1 silenced Oli-Neu cells indicating that OPCs differentiated earlier into mature oligodendrocytes [28] . While TGFβR1 was less expressed in AGC1 +/− mice, the increased expression of TGFBR2 may be able to promote oligodendrocyte differentiation, considering also that TGFBR2 is able to autophosphorylate and then form a receptor complex with TGFβR1 in order to trigger signal transduction [37] . More interestingly, neurospheres from AGC1 +/− mice showed reduced PDGFα with parallel increased TGFβR expression and, as expected, exogenous TGFβ treatment determines an induction in oligodendrocyte differentiation, significantly higher than in AGC1 +/+ mice. All these results confirmed our in vitro data, supporting that alterations induced by AGC1 reduced activity could impair the physiological crosstalk between neurons and OPCs through growth factors, necessary for OPC proliferation and neuronal survival. These data not only agree with previous data published by Ramos and collaborators [10] , who observed no alteration in oligodendrocyte maturation both in vitro and in vivo but could also contribute to explain their results. Furthermore, our data support the observation that in demyelinating diseases, including multiple sclerosis, the ability to regenerate oligodendrocytes depends on OPC availability [17] . The treatment of a patient affected by AGC1 deficiency with a ketogenic diet improved disease phenotype [38] . A ketogenic diet is often used in the treatment of epilepsy and it has positive effects against neurodegeneration [39] . Although, the biochemical, molecular and cellular mechanisms underlying this positive nutritional approach to favour myelination have not been completely clarified [40] , we hypothesized that the reduced glucose oxidation in neurons with AGC1 deficiency in the presence of an alternative source of sufficient acetyl groups from ketones could compensate the metabolic defect and promote myelination [19] . Whether a ketogenic diet might also influence oligodendrocyte proliferation and/or maturation in patients with AGC1 deficiency will deserve further investigation.
Materials and Methods
Cell Cultures
Oli-Neu cells (kindly provided by Dr. Jacky Trotter, University of Mainz, Germany, RRID:CVCL_IZ82) were grown on poly-l-lysine (10 µg/mL; Sigma-Aldrich, St Louis, MO, USA) coated Petri dishes in SATO medium (Dulbecco's Modified Eagle's medium DMEM medium, 2 mM glutamine, 10 µg/mL insulin, 5.5 µg/mL transferrin, 38.72 nM sodium selenite, 100 µM putrescine, 520 nM l-thyroxine (T4), 500 nM triiodo-l-thyronine (T3), 200 nM progesterone, 25 µg/mL of gentamycin) supplemented with 1% heat-inactivated horse serum (HS) in a humidified, 5% CO 2 incubator at 37 • C. Cell culture medium and all chemicals were from Sigma-Aldrich, except for insulin-transferrin-sodium selenite 100X supplement (Life Technologies Corporation, Grand Island, NY, USA). When cells reached confluence, they were washed once with Phosphate Buffer Solution (PBS) and detached with 0.01% trypsin-0.02% EDTA-Hank's Balanced Salt Solution (HBSS, Sigma-Aldrich). To induce differentiation, 1mM (N6,2 -o-dibutyryl)-adenosine-3 ,5 -mono-phosphate (db-cAMP, Sigma-Aldrich) was added every day for 3DIV.
Stable Clone Generation
Oli-Neu stable cell clones were prepared as follows: 3 × 10 5 cells were plated on 60-mm diameter poly-l-lysine (10 µg/mL) coated Petri dishes (Corning). After 24 h of incubation, cells were transfected by using Lipofectamine 2000 reagent (Thermo Fisher Scientific, Waltham, MA, USA) following the manufacturer's instructions. Briefly, 5 µg of pLKO.1-puro DNA plasmid (Sigma-Aldrich) containing a mismatch control (scrambled) sequence: 5 -CCGGTACAACCAACGCACGCTAATCTCGAGATTAGCGTGCGTTGGTTGTTTTTTG-3 or an AGC1 silencing sequence: 5 -CCGGTGCTTGCAGACCTATATAATGCctcgagGCATTATATAGGTCTGCAAGCTTTTT-3 ) Digested with AgeI/EcoRI and cloned into the pLKO.1-puro vector, as previously published [41] and 10 µL of Lipofectamine 2000 reagent were diluted each in 250 µL of Opti-MEM medium (Thermo Fisher Scientific, Waltham, MA, USA). Both solutions were then gently mixed together. After 5 min of incubation, the plasmid DNA-lipofectamine solution was added directly into each Petri dish respectively. Twenty-four hours after transfection, the cell medium was replaced with fresh medium containing 1 µg/mL puromycin (Sigma-Aldrich), in order to select stably transfected cells. The cell medium was replaced every day. When puromycin resistant cells reached confluence, they were trypsinized and grown in SATO medium supplemented with 1% HS and 1 µg/mL puromycin on 60-mm diameter poly-l-lysine (10 µg/mL) coated Petri dishes.
TGFβ2 Treatment
Oli-Neu cells were plated at the density of 1 × 10 5 in 6-well plates containing poly-l-lysine (10 µg/mL) coated glass coverslips. Cells were allowed to adhere for 2 h before adding 10 ng/mL TGFβ2 (final concentration; Sigma-Aldrich). After 24 h, cells were fixed for 30 min at RT with 4% PFA in phosphate buffer (0.194 M Na 2 HPO 4 , 0.026 M NaH 2 PO 4 ) and stored in PBS at 4 • C until used for cell filament measurement and immunofluorescence or resuspended in cell lysis buffer (50 mM Tris pH 7.4, 1 mM EDTA, 1% SDS, 10 µL/mL protease and phosphatase inhibitor cocktails) for western blot analysis.
Cell Count
1 × 10 5 Oli-Neu cells/well were plated in duplicate (3 different experiments) in 6-well plates. After 24 h, cells were detached with a solution containing 0.01% trypsin-0.02% EDTA-HBSS (Sigma-Aldrich). Cells were then diluted with an equal amount of DMEM-10% HS and centrifuged for 5 min at 400× g. The cell pellet was resuspended in 1 mL of SATO medium and cell number was determined using a Neubauer chamber.
Cell Filament Number and Length Measurement
1 × 10 5 Oli-Neu cells were plated in 35-mm Petri dish. After 24 h, images from 5 randomly selected fields for each Petri dish were acquired with an Eclipse TS100 (Nikon, Shinjuku, Japan) microscope using a 10X objective. Filament length was measured with Fiji ImageJ2 software (Fiji, RRID:SCR_002285, developed by the National Institutes of Health, NIH, USA) by using the reference scale bar and the SET SCALE function (Analyze menu) in order to set the scale bar distance in pixels and the actual distance in micrometres. After tracing each cell filament with the segmented line function, the MEASURE function (Analyze menu) was used to determine filament length in micrometres. Filament number was determined directly from individual filament length measurements.
Oli-Neu Bromodeoxyuridine (BrdU) Counting Following Immunofluorescence and Elisa Incorporation Assay
For Oli-Neu BrdU immunofluorescence, 1 × 10 5 cells/well were plated in 6-well plates containing poly-l-lysine (10 µg/mL) coated glass coverslips. Cells were allowed to adhere for 4 h before adding 10 µM BrdU (final concentration). After 24 h, cells were fixed for 30 min at room temperature (RT) with 4% paraformaldehyde (PFA) in phosphate buffer (0.194 M Na 2 HPO 4 , 0.026 M NaH 2 PO 4 ) and stored in PBS at 4 • C until used. Coverslips were incubated with 2 N HCl for 30 min at RT, washed 4 × 10 min with PBS and then 3 × 5 min in PBS-0.1% Triton (PBS-T). Aspecific sites were blocked by incubating at RT for 1 h in blocking buffer (PBS-T + 5% goat serum). Coverslips were incubated overnight at 4 • C in a humidified chamber with a rat anti-BrdU monoclonal antibody (Abcam Cat# ab6326, RRID:AB_305426, Lot# GR251710-3, 1:500 dilution in PBS-T + 2% goat serum). The next day, coverslips were washed 3 × 10 min with PBS-T, incubated for 2 h with goat anti-rat Alexa 488-conjugated antibody (Abcam Cat# ab150157, RRID:AB_2722511, Lot# GR290139-4, 1:1000 in PBS-T + 2% goat serum) and washed 3 × 10 min with PBS-T, 5 min with PBS and then incubated for 5 min with Hoechst 33258 (2 µg/mL, Sigma-Aldrich). Coverslips were then washed for 5 min in PBS and then mounted on glass slides with UltraCruz Mounting medium (Santa Cruz, Dallas, TX, USA), sealed with nail polish and stored at 4 • C until used. Total nuclei stained with Hoechst and BrdU positive nuclei were counted in 5 randomly selected fields for each coverslip. Labelling index was expressed as the ratio of BrdU positive/Hoechst stained cells.
For BrdU ELISA incorporation assay, 1 × 10 4 Oli-Neu cells/well were plated on 96-well plates. Cells were allowed to adhere for 4 h and 10 µM BrdU (final concentration) was added to each well. BrdU was incubated for 6 and 24 h respectively. BrdU incorporation was assayed using a BrdU cell proliferation kit (Roche, Risch-Rotkreuz, Switzerland), following the manufacturer's instructions. Absorbance was read at 490 nm with a reference wavelength of 405 nm.
Lactic Acid Measurements
Lactic acid release by Oli-Neu cells was quantified in cell conditioned media harvested after the indicated incubation times by an enzymatic assay in spectrophotometry, as previously described [41] .
Aequorin and Luciferase Luminescence Measurement
Oli-Neu cells were transiently transfected with plasmids carrying the coding sequence of recombinant aequorins selectively targeted to the cytosol (cytAEQ) or mitochondria (mtAEQmut) and of recombinant luciferase targeted to mitochondria (mtLuc) [42] . Transfected cells were incubated for 1 h at 37 • C with Krebs-Ringer modified buffer (KRB; 125 mM NaCl, 5 mM KCl, 1 mM Na 3 PO 4 , 1 mM MgSO 4 , 5.5 mM glucose and 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid [HEPES], pH 7.4, at 37 • C) supplemented with 1 mM CaCl 2 and 1 g/L glucose (+ 5 µM coelenterazine for aequorin reconstitution). Cells were subsequently perfused in the same buffer (+ 20 µM luciferin for luciferase assays) in a purpose-built luminometer where they were stimulated with 500 µM Carbachol (Cch). Aequorin experiments were terminated by lysing the cells in a hypotonic solution with 0.1 mM digitonin and 10 mM CaCl 2 and light output was collected and calibrated in [Ca 2+ ], as previously described [43] . In luciferase assays, data were expressed as mtLuc light output of cells.
Cell Fluorescence Analysis
Measurement of intracellular reactive oxygen species was performed by loading cells with 5 µM 5-(and-6)-chloromethyl-2 ,7 -dichlorodihydrofluorescein diacetate, acetyl ester (CM-H2DCFDA; Thermo Fisher Scientific, Waltham, MA, USA) for 20 min at 37 • C and green fluorescence was analysed with a Tali ® Image-Based Cytometer. Mitochondrial hydrogen peroxide levels were measured in Oli-Neu cells cultured on 24 mm glass coverslips and transfected with the ratiometric fluorescent probe with mitochondrial localization pHyPer-dMito (mt-HyPer) [20] . After 24 h of expression, cells were maintained in KRB supplemented with 1 mM CaCl 2 and 1 g/L glucose and placed in an open Leyden chamber on a 37 • C thermostated stage. 494/406 nm excitation filters and a 500-nm long-pass beam splitter were used and an image pair was obtained every 200 ms with a 40X objective. For a ratiometric measurement, at the end of each measurement, the efficiency of the probe was ascertained by adding H 2 O 2 as reference. Fluorescence data were expressed as emission ratios. The experiments were performed on a CellˆR Olympus multiple wavelength high-resolution epi-fluorescence microscope. Mitochondrial inner membrane potential (Ψm) and mitochondrial morphology were measured by loading the cells with 20 nM tetramethyl rhodamine methyl ester (TMRM; Thermo Fisher Scientific, Waltham, MA, USA) for 30 min at 37 • C. Images were taken on an inverted Nikon LiveScan Swept Field Confocal Microscope (SFC) Eclipse Ti equipped with NIS-Elements microscope imaging software (Nikon Instruments, S.p.A Campi Bisenzio Firenze, Italy, RRID:SCR_014329). TMRM fluorescence intensities (exc. 560 nm; emis. 590-650 nm) were imaged every 5 s with a fixed 20 milliseconds exposure time. At the end of the experiments, 10 µM Carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP) was added after 240 acquisitions to completely collapse the Ψm and subtract non-mitochondrial TMRM fluorescence, as previously described [44] . For mitochondrial morphology experiments, 51-plane z-stacks where acquired with a voxel dimension of 133 nm × 133 nm × 200 nm (X × Y × Z). The mitochondrial network, described in number and volume and 3D renders were obtained with Imaris 4.0 (Bitplane, Zurich, Switzerland).
Brain Mitochondria Isolation and Measurement of AGC1 Activity
In order to isolate mitochondria from mouse brain, a modified protocol from Grove and Bruckey was used [45] . Fresh brains from AGC1 +/+ and AGC1 +/− mice were homogenized with a Potter homogenizer at 1000× rpm/30 strokes in a buffer containing 10 mM Hepes, 200 mM mannitol, 70 mM sucrose, 1 mM EDTA pH 7.6, 10 µL/mL protease and phosphatase inhibitor cocktails. Nuclei were pelleted by centrifugation at 800× g for 10 min at 4 • C. The cytoplasmic supernatant fraction (CF) was then centrifuged at 14000× g for 20 min. The crude mitochondrial pellet was resuspended in 500 µL of isotonic buffer (10 mM Hepes, 200 mM mannitol, 70 mM sucrose, 1 mM EDTA pH 7.6, 10 µL/mL protease and phosphatase inhibitor cocktails), centrifuged at 14,000× g for 20 min and then stored at −80 • C until used. Total protein sample content was determined by using the Lowry quantification method [46] .
For AGC1 activity measurements, mitochondria were solubilized (0.6 mg protein/mL) in a buffer containing 3% Triton X-114, 10 mM Pipes pH 6.5, 1 mM EDTA and 4 mg/mL cardiolipin After 1 h of incubation on ice, extracts were centrifuged (12500× g, 10 min at 4 • C) to remove membranes and other unsolubilized impurities. 30 µg of solubilized mitochondria were then reconstituted in liposomes in the presence of 1% Triton X-114, 10 mM Pipes pH 6.5 and 10 mM l-glutamate or ATP through an Amberlite column XAD-2 (Sigma-Aldrich) (4.0 × 0.5 cm), as previously described [47] . All operations were carried out at 4 • C, except for the passage through the Amberlite column conducted at RT. Subsequently, the external substrate was removed from proteoliposomes by gel filtration chromatography on Sephadex G-75 columns (15 cm × 0.7 cm) pre-equilibrated with a buffer containing 10 mM PIPES pH 6.5 and 50 mM NaCl. Transport activity was determined by measuring the incoming flow of radiolabelled substrate into proteoliposomes. More in detail, transport was started at 25 • C by adding l-[ 14 C]aspartate, l-[ 14 C]glutamate or [ 14 C]ATP to reconstituted proteoliposomes, at the indicated concentrations and terminated after 15 min by adding 8 mM pyridoxal5 -phosphate and 6 mM bathophenanthroline according to the "inhibitor-stop" method [5] . In control samples, inhibitors were added at time zero together with the labelled substrate. Lastly, the external substrate was removed by gel filtration on Sephadex G-75 column (8 × 0.6 cm) and the radioactivity incorporated in the eluted proteoliposomes was measured in a liquid phase scintillator (LS 6000 IC Beckman Coulter S.r.L. Milano, Italy). Experimental values were corrected by subtracting control values and transport activity was calculated as previously described [47] .
AGC1 +/− Mice Experiments
C57BL/6N AGC1 +/− mice were generated with gene-trapping technology by the Texas A&M Institute for Genomic Medicine (Houston, TX, USA). Briefly, the 6.5 kb VICTR 76 targeting construct was designed to insert at intron 2-3 of the SLC25A12 mouse gene. The linearized targeting vector was electroporated into C57BL/6N-derived ES cells. Correctly targeted ES cell clones were identified and used to develop mice, which were mated with C57BL/6N females. Mice used for experiments were obtained from departmental animal house, either from AGC1 +/− × AGC1 +/− matings or AGC1 +/− × AGC1 +/+ matings, always using AGC1 +/+ littermates as controls and were kept in controlled conditions of temperature and humidity with a light/dark cycle of 12 h, under veterinary surveillance for animal health and comfort. Animals were fed ad libitum with the Teklad global diet 2018 (Envigo, USA). All animal experiments were authorized by a local bioethical committee (Protocol n • 3/79/2014) and performed in agreement with the Italian and European Community law (Directive 2010/63/EU) on the use of animals for experimental purposes and adherence to the ARRIVE Reporting Guidelines.
Genotyping was performed at 14 days of age by extracting DNA from mouse tail tips by using Extract-N-Amp tissue extraction kit (Sigma-Aldrich) following the manufacturer's instructions and performing a PCR assay (36 cycles). The following set of PCR primers were used in order to identify AGC1 +/+ , AGC1 +/− and AGC1 −/− mice.
IST11936G6-Forward. 5 -GGAGACTGACAGTCAACAAG-3 (all animals). Tm = 52.76 • C IST11936G6-Reverse. 5 -GGCATTTGCACACCGTGGA-3 (AGC1 +/+ and AGC1 +/− animals). Tm = 58.26 • C Downstream Reverse. 5 -CCAATAAACCCTCTTGCAGTTGC-3 (AGC1 +/− and AGC1 −/− animals). Tm = 58.30 • C Two separate PCR reactions per sample were performed and amplification products IST11963G6-Forward + Downstream Reverse (342 bp), expected in AGC1 +/− and AGC1 −/− animals; IST11963G6-Forward + IST11963G6-Reverse (369 bp) expected in AGC1 +/+ and AGC1 +/− animals reactions were resolved on a 2% agarose/TBE gel. Thus, for AGC1 +/+ animals one 369 bp band was expected, for AGC1 +/− animals both a 369 and 342 bp band were expected, while for AGC1 −/− animals only one 342 bp band was expected.
At 21 days after birth, animals were sacrificed by decapitation, brains were then collected and stored at −80 • C until needed for western blot analysis (n = 21). For tissue immunohistochemistry, 21-day old AGC1 +/+ and AGC1 +/− mice were anesthetized with 2% xilor and 100 mg/kg zoletil, then transcardially perfused with PBS and with 4% PFA in phosphate buffer (0.194 M Na 2 HPO 4 , 0.026 M NaH 2 PO 4 ) (n = 16). Brains were then promptly removed and stored overnight in 4% PFA/phosphate buffer at 4 • C. The next day, fixed brains were stored overnight in 18% sucrose/phosphate buffer and then stored at −80 • C until needed.
Neurosphere Generation
Subventricular zone (SVZ) microdissection was performed in adult male mice (8-month old; 3 AGC1 +/+ and 3 AGC1 +/− mice respectively) [34] . Dissected tissues were mechanically disaggregated in Hank's Balanced Salt Solution (HBSS: HEPES 3.9 mg/mL, NaHCO 3 0.5 mg/mL, Glucose 0.9 mg/mL, penicillin/streptomycin 0.5%) and centrifuged at 300× g for 5 min. The pellet was resuspended in papain solution (0.2 mg/mL EDTA + 0.66 mg/mL Papain + 0.2 mg/mL cysteine in HBSS) and placed in a centrifuge tube at 37 • C for 20 min in a water bath, shaking every 5 min. The pellet was then resuspended in HBSS and left in a water bath at 37 • C for another 10 min. Papain was inhibited by the addition of DMEM-F12 (Gibco Life Technologies, Waltham, MA, USA) supplemented with insulin from bovine pancreas (Sigma-Aldrich) (10 µg/mL) and the sample was centrifuged at 300× g for 5 min. The pellet was resuspended in HBSS and centrifuged at 400× g for 5 min, the supernatant was discarded and the pellet was resuspended in DMEM-F12 (Gibco) supplemented with 2 mM glutamine, insulin (10 µg/mL), 20 ng/mL Epidermal Growth Factor (EGF; PeproTech EC, London, UK) 20 ng/mL Fibroblast Growth Factor-2, (FGF2; PeproTech), 1% N2 (Thermo Fisher Scientific, Waltham, MA, USA), 1% B27 (Thermo Fisher) and 10 units/mL penicillin and 10 µg streptomycin.
(Sigma-Aldrich). In order to induce neurosphere growth, EGF and FGF growth factors were added every other day (FGF concentration was halved by the third passage onwards (10 ng/µL); neurospheres were passaged every week (7 days of growth) by mechanical procedures. For this purpose, neurospheres were collected in DMEM-F12 medium, centrifuged at 300× g for 5 min and the pellet was resuspended in sterile PBS (4-5 times). Neurospheres were then centrifuged at 300× g for 5 min, the supernatant was removed and 1 mL of Acutase (Aurogene Srl, Roma, Italy) was added to the pellet by gently resuspending 2 times and incubated at 37 • C for 5 min. 4 mL of DMEM F12 were then added to the neurosphere suspension and then centrifuged at 300× g for 5 min. Single cells were counted and plated in complete DMEM F12 supplemented with insulin (10 µg/mL), 1% N2, 1% B27, 20 ng/mL EGF, 20 ng/mL FGF, 2 mM glutamine and 10 units/mL penicillin and 10 ug/mL streptomycin (Sigma-Aldrich).
Neurosphere Proliferation and BrdU Assay
To evaluate the proliferation and growth rate of SVZ-derived NSCs from AGC1 +/+ and AGC1 +/− mice, neurospheres were plated as single stem cells in 96 multiwell plates (5 × 10 3 cells/well) in complete DMEM-F12 medium after passage 3 and allowed to grow at 37 • C and 5% CO 2 in an incubator. After 4 days in culture, 5 different image fields per well were acquired by using an eclipse TE 2000-s microscope (Nikon) in bright field mode using a 10X objective. Acquired images were then analysed with Fiji ImageJ2 software using the publicly available cell colony edge macro [48] and only neurospheres with an area bigger than 400 µm 2 were considered; results were expressed as average neurosphere number and average neurosphere size.
To evaluate BrdU incorporation, AGC1 +/+ and AGC1 +/− mouse neurospheres were passaged as single cells (1.43 × 10 5 single cells/6-cm diameter Petri dish) in complete DMEM-F12 medium supplemented with 10 µM BrdU (Sigma-Aldrich). BrdU was added every day for 4 days and then 30 neurospheres were plated on 13-mm coverslips previously treated with poly-l-lysine (10 µg/mL) and then fibronectin (1 µg/mL, 37 • C incubation for at least 3 h) in complete DMEM-F12 medium supplemented with BrdU. After 24 h, neurospheres were fixed with 4% PFA for 30 min, washed with PBS and stored at 4 • C in PBS until used. Experiments were conducted in duplicate with 3 replicates per condition.
Neurosphere Treatment with Exogenous TGFβ
AGC1 +/+ and AGC1 +/− SVZ-derived neurospheres were counted and plated on 13-mm coverslips (50 neurospheres/well) previously treated with poly-l-lysine (10 µg/mL) and then fibronectin (1 µg in complete DMEM-F12 medium with 10 ng/mL TGFβ2 (Sigma-Aldrich) for 4 days in an incubator at 37 • C. After 4 days, neurospheres were fixed with 4% PFA for 30 min, washed with PBS and stored at 4 • C in PBS until used for immunofluorescence analysis or resuspended in cell lysis buffer (50 mM Tris pH 7.4, 1 mM EDTA, 1% SDS, 10 µL/mL protease and phosphatase inhibitor cocktails) for western blot analysis.
Cell and Tissue Sample Preparation and Western Blot Analysis
Whole cell and neurosphere lysate samples were obtained by washing cell cultures once with PBS and resuspending cell cultures in cell lysis buffer (50 mM Tris pH 7.4, 1 mM EDTA, 1% SDS, 10 µL/mL protease and phosphatase inhibitor cocktails). Mouse tissue samples were lysed in tissue lysis buffer (10 mM Hepes, 200 mM mannitol, 70 mM sucrose, 1% NP40, 1 mM EDTA pH 7.6, 10 µL/mL protease and phosphatase inhibitor cocktails) with a Potter homogenizer at 1000 rpm/30 strokes. All samples were sonicated with a Branson 250 digital sonifier for 3 pulses of 2 s each (waiting for 5 s
Conclusions
In conclusion, in the present study we demonstrate for the first time that alterations in AGC1 activity lead to deficits in OPC proliferation, due to dysregulation in the PDGFα and TGFβ pathways. These defects have been demonstrated in vitro and confirmed in our in vivo model, as well as in neurospheres. OPC proliferation defects could result in an insufficient number of precursor cells able to replace aged oligodendrocytes and in parallel premature differentiation of OPCs, further suggesting that in AGC1 deficiency there may be no defects in mature oligodendrocytes leading to hypomyelination. Therefore, deficits in OPC proliferation rather than OPC differentiation may represent a new biological target together with reduced growth and NAA synthesis in neurons to counteract a reduced myelinating filament, not only in AGC1 deficiency but also in other developmental and adult demyelinating diseases. 
Acknowledgments:
The skillful technical assistance of Monia Bentivogli and Alessandro Casoni is gratefully acknowledged. The authors are grateful to Antonio Contestabile for critically reading the manuscript.
Conflicts of Interest:
The authors have no conflict of interest to declare. 
Abbreviations
